Abstract: Compressed air energy storage (CAES) is a commercial, utility-scale technology that provides long-duration energy storage with fast ramp rates and good part-load operation. It is a promising storage technology for balancing the large-scale penetration of renewable energies, such as wind and solar power, into electric grids. This study proposes a CAES-CC system, which is based on a conventional CAES combined with a steam turbine cycle by waste heat boiler. Simulation and thermodynamic analysis are carried out on the proposed CAES-CC system. The electricity and heating rates of the proposed CAES-CC system are lower than those of the conventional CAES by 0.127 kWh/kWh and 0.338 kWh/kWh, respectively, because the CAES-CC system recycles high-temperature turbine-exhausting air. The overall efficiency of the CAES-CC system is improved by approximately 10% compared with that of the conventional CAES. In the CAES-CC system, compressing intercooler heat can keep the steam turbine on hot standby, thus improving the flexibility of CAES-CC. This study brought about a new method for improving the efficiency of CAES and provided new thoughts for integrating CAES with other electricity-generating modes.
Some studies have focused on increasing the efficiency of CAES plants. Compared with the conventional cycle, Recuperated Cycle reduces the fuel consumption of a plant by approximately 25%; this cycle uses a recuperator to recover the low-pressure (LP) turbine waste heat for preheating the stored air before it enters the high-pressure (HP) combustor [8] . The recuperated cycle has been used in the Alabama McIntosh plant. Bullough et al. [9] proposed an adiabatic storage CAES (AA-CAES) system in 2004. The AA-CAES system uses the adiabatic model with no coolers arranged between compressors. However, this system uses a separate thermal energy store during the compression process. This thermal energy store is used to reheat the compressed air during the generation part of the cycle. This storage technology offers significant improvements in cycle efficiency and requires no fuel. Some novel CAES systems are a combination of CAES and other electricity-generating systems. Zafirakis et al. [10] carried out an economic analysis of CAES combined with a wind power plant in autonomous island networks. Denholm et al. [11] proposed a wind energy system using biomass-based energy storage and analyzed fuel selection and the economics of an integrated system. Kim et al. [12] performed energy and exergy analyses of a micro-CAES system and pointed out that such system is highly effective for distributed power networks.
Other studies have focused on increasing the output power level of power plants. EPRI energy storage reports introduced a steam-injected cycle and compressed air storage with humidification (CASH). The steam-injected cycle uses a heat recovery steam generator (HRSG) to recover waste heat for steam production, and then the produced steam is added to the airflow to increase the mass flow through the expansion turbine during the generation cycle [8] . Stored air is humidified in an air saturator before being injected into the combustion turbine in the CASH cycle [13] . This cycle significantly reduces the mass of air needed to be stored per unit of power output. Unlike other CAES cycles, the CASH cycle just requires a considerably small air storage reservoir.
These new CAES systems are theoretically innovative and can potentially be used in several applications. However, they are not suitable for China; for example, the AA-CAES system has strict requirements with regard to heat storage materials and is extremely complex. Furthermore, it has smaller capacity and entails higher construction costs compared with the conventional CAES. It does not meet the demand for the development of high-capacity and high-power energy storage power plants. Both steam-injected cycle and CASH consume large amounts of water; thus, they are not suitable for the water-stressed regions in North China. However, Nakhamkin et al. [14] proposed a conventional cycle with an HRSG and a steam turbine, wherein the exhaust heat from the expander is recovered in the HRSG to produce steam, which in turn drives a steam turbine to provide additional power. The power from the whole plant is increased by this cycle. However, the additional power generated by the bottoming steam cycle reaches full capacity at approximately one hour after the start-up of the CAES plant, so the application of this system has many restrictions.
The present study proposes a CAES system combined with steam cycle. This system is simulated in this study based on a simulation of a typical CAES plant. The utilization of intercooler heat speeds up the system and improves its agility. This study also investigates the effects of off-design condition parameters on system performance. The conventional CAES and the proposed system are also compared in terms of their performance.
Introduction and Simulation of a Conventional CAES Plant
A conventional CAES system is selected as a reference (Figure 1 ). The process and structures are consistent with those of the Huntorf plant, but the inlet temperatures of the two gas turbines (T1, T2) are changed from 550 °C, 825 °C to 600 °C, 1050 °C in consideration of technological development. The Huntorf plant is the first commercial CAES plant in the world. This plant has been operating since 1978. It utilizes excess power on the grid for compression and produces power at times of peak demand via a natural gas turbine. The facility stores compressed air in two "solution-mined" salt caverns with a total volume of 310,000 m 3 . The depth of the caverns is more than 600 m to ensure the stability of air for several months of storage and to guarantee the specified maximum pressure of 100 bar [15, 16] . As shown in Figure 1 , the reference CAES system can be divided into two subsystems, namely, energy storage and electricity-generating subsystems. This subdivision is similar to that of the Huntorf power plant. In the energy storage subsystem, a compressor series has multi-stage compressions. The low-pressure (LP) compressor uses axial single-stage compression, whereas the high-pressure (HP) compressor uses three-stage centrifugal compressions. The subsystem also has three intercoolers and one aftercooler. In the electricity-generating subsystem, two stages of combustion and two stages of expansion are installed. The release pressure of compressed air from the cavern is 42 bar; a steam turbine is selected as the high-pressure (HP) turbine whose inlet temperature is 600 °C [12] . A gas turbine is selected as the low-pressure (LP) turbine whose inlet temperature is 1050 °C. Similar to those in the Huntorf plant, the times of compression and expansion are set to 8 and 2 h, respectively, in one day for the simulation analysis. Table 1 shows the parameters of the reference system. Most parameters are selected based on public records of the Huntorf plant to guarantee the applicability and feasibility of the reference system. Meanwhile, some parameters have been adjusted in consideration of technological development. [17, 18] . Although the inlet turbine temperature of a gas turbine can reach 1300 °C using current technology, the thermal efficiency of the reference CAES plant has not significantly improved. The turbine outlet temperature is still too high, and energy loss in the exhaust gas is high.
As shown in Figure 2 , the existing optimization method of conventional CAES is adding a recuperator to extract thermal energy from the LP gas turbine exhaust, and this configuration is used in the Alabama McIntosh plant. The compressed air from the storage cavern is preheated in the recuperator before going into the high-pressure combustor. 
Process Introduction of a CAES-CC System
The effective way to improve the thermal efficiency of the conventional CAES is to recover the waste heat of high-temperature exhaust gas. In addition to the recuperated CAES system, a CAES-CC system, as shown in Figure 3 , also has a high thermal efficiency by adopting a steam cycle to recycle the exhaust heat from the gas turbine. Connecting a steam cycle in series with the gas turbine, which is usually called a combined cycle, is widely used in the combined gas-steam power plant. A CAES cycle contains a gas turbine whose exhaust gas temperature is very high. Therefore, HRSG and steam turbine can be added to the conventional CAES cycle as is done in the gas-steam combined cycle. This cycle, designated as CAES-CC, utilizes the heat of the high-temperature exhaust gas of a gas turbine as the heat source for the steam turbine. Therefore, the exhaust heat from the LP gas turbine is mostly recovered in the steam cycle. The overall efficiency is greatly improved by the significant reduction in exhaust heat loss [19] . In this study, the structural and thermodynamic properties of the CAES-CC system are comprehensively analyzed, and some improvement measures are introduced.
The newly added steam cycle is represented by the dotted and dashed lines in Figure 3 . The response time for a steam turbine to reach full capacity is over an hour, which is too long for CAES to adjust the diurnal load in the power network. In this study, the intercooler heat of the CAES-CC system is used to heat the steam for the preheating of the steam turbine. As a result, the start time is significantly shortened.
Selection of Key Parameters for the Optimized System
As the pressure of compressed air is up to 42 bar after the throttle, the tube heat exchangers are selected for the recuperator in the recuperated CAES. In consideration of the heat transfer area and ash deposit, the recuperated effectiveness, which is defined as
to 0.8. The remaining parameters of the recuperated CAES are the same with those of the reference CAES. In CAES-CC, the parameters of CAES cycle are similar to those of the reference CAES, and a combined cycle with a three-pressure reheat HRSG is selected. The key parameters of the high pressure (HP) turbine, the medium pressure (MP) turbine and the low pressure (LP) turbine of steam cycle, listed in Table 2 , are selected based on a typical combined cycle power plant. This similarity facilitates the comparison of the three systems and the analyses of the effects of saving energy by using the added steam cycle. 
Process Simulation and Evaluation of CAES-CC

Process Simulation
In the CAES cycle, the energy storage subsystem comprises four compressors, four coolers, and a cavern with a constant volume. The air is cooled to 50 °C in both the intercoolers and the aftercooler. Water is the cooling medium, and counter flow is adopted in the cooler. The air is compressed to approximately 60 bars on average and stored in a cavern with a volume of 300,000 m Table 1 . The compressed air released from the air storage cavern is mixed with natural gas in the combustion chamber. Before flowing into the HP turbine, the mixed gas is heated to 600 °C. Similarly, a certain amount of natural gas is also mixed with the gas exhausted from the HP turbine. Then, the mixed gas is heated to 1050 °C before entering the LP turbine.
In the CC cycle, the electricity-generating subsystem is based on a three-pressure reheat HRSG and a steam turbine. The steam produced in the HRSG is divided into two parts with different pressures and then fed into the HP steam turbine and the LP steam turbine, respectively. As shown in Figure 2 , the steam from the HP steam turbine is injected into the HRSG for recycling before going into the MP steam turbine, and the steam from the MP steam turbine is directly injected into the LP steam turbine. The basic parameters of the steam turbine are listed in Table 2 .
The CAES-CC system, along with the recuperated CAES and the reference CAES systems, is simulated using the commercial software ASPEN PLUS. During the physical and chemical processes involved in the simulation, the Peng-Robinson base method is adopted for all the equations of state. The thermodynamic process in each combustion chamber and gas turbine is regarded as an adiabatic process. The natural gas is assumed to be CH 4 , which is to be burned completely. The pressure, temperature, mole flow, and composition of each stream corresponding to the points indicated in Figure 3 are listed in Table 3 . The volume of the cavern involved in this study is constant. The air pressure inside the cavern increases along with the compressed air injected continuously into the cavern in the low-load period. This procedure requires an amplitude variation in compressor outlet air pressure to effectively store air. Considering the limitation of ASPEN PLUS, we assume that the compressed air pressure (S9) entering the cavern is approximately 60 bar on average. The discharge pressure of the cavern and the power output of the gas turbine both decrease as the compressed air is continuously discharged from the cavern in the load period. The gas turbine driven by sliding air pressure is not suitable because of the load characteristics in its supply network. Thus, the air (S10) from the cavern is throttled down to the HP gas turbine inlet pressure before it is fed into the combustion chamber.
Evaluation Criteria
The CAES plant has two energy inputs (i.e., electric energy and fuel during the charging and discharging phases, respectively) with different qualities. The evaluation criteria for CAES plants differ from those usually applied for conventional power plants. For example, specific fuel consumption cannot identify the thermodynamic merits of a CAES plant as in a conventional power cycle. Thus, some evaluation criteria are introduced [20] [21] [22] .
(1) Energy rate Energy rate (ER) represents the ratio of pumping energy at the off-peak period to the generated energy during the peak period:
Although ER does not account for fuel consumption, it is unique to CAES plants. Therefore, ER is used as another performance parameter in addition to W t, which is the net electric energy output during the discharge phase.
(2) Heat rate Heat rate (HR) represents the kilowatt hour of heat required to produce a kilowatt hour of energy. It is written as:
where Q f is the total fuel energy (kWh) used in the combustors and boilers during the generation period.
(3) Overall efficiency
The output from a CAES plant is work. It may be compared with input energy to the plant consisting of natural gas and compressor work:
This equation may be seen as an expression of storage efficiency. However, it may be questionable. It consists of two energy types that are consumed by different parts of the process at different periods.
Fuel cannot be seen as part of electricity storage but is only required because of the heating of the air to the turbine. 
System efficiency η sys reflects the efficiency of electricity production in the energy system. Its value depends on which system the CAES plant uses. For a gas turbine power plant, the value is between 45% and 58%. Accordingly, the η sys of this CAES-CC is assumed to be 50%.
Thermal Performance Analysis
In this paper, the Aspen Plus software is used to perform the process simulation and to get the performance analysis results. The simulation results for the CAES-CC and the recuperated CAES and the reference CAES are presented in Table 4 . The pump power consumption is neglected because it is too little for compressor power consumption. As shown in Table 4 , the CAES-CC, along with the recuperated CAES, has a lower exhaust temperature than the reference CAES. Accurately speaking, the exhaust of CAES-CC comes from the HRSG, and most of the thermal energy is absorbed by the feed water, so the exhaust temperature decreases by 488.7 °C. However, the exhaust of the recuperated CAES comes from the recuperator, and most of the thermal energy is absorbed by the compressed air, so the exhaust temperature decreases by 401.5 °C. As far as the system performance of the three systems are concerned, both CAES-CC and the recuperated CAES are superior to the reference CAES. Although CAES-CC has recycled more exhaust thermal energy than the recuperated CAES, the energy loss of the steam cycle in CAES-CC is higher than the energy loss of the heat recovery device in the recuperated CAES, so the overall efficiency η ee of CAES-CC is lower than that of the recuperated CAES.
As for the efficiency of electricity storage, the η es of CAES-CC is higher than that of the recuperated CAES. From the structure and the system process of the two systems, it is found that their energy-saving methods are essentially different. The LP gas turbine exhaust is used for generating extra electricity by the steam cycle in CAES-CC, so the ER of CAES-CC is significantly decreased. However, the recuperated CAES utilizes the LP gas turbine exhaust to heat the compressed air, so the HR of the recuperated CAES is significantly decreased. Decreasing the ER or the HR can either improve the η es of the CAES system. However, from the perspective of the quality of energy, electricity is more superior to the chemical energy of the fuel, and there is an energy loss in the energy conversion process from thermal energy to electricity, on that account, compared with decreasing the HR of CAES, decreasing the ER of CAES is more favorable to improve the efficiency of electricity storage of the CAES system.
In fact, for the CAES plant with a low-power gas turbine, such as the McIntosh plant, adding a recuperator is relatively easy to implement in the engineering application. However, the proposed system which uses a gas turbine with large capacity and high parameters has a larger scale than the McIntosh CAES plant. If a recuperated CAES operates under the high parameter condition shown in Table 1 , the heat exchange capacity will be approximately 188 MW. Considering the recuperator selected in the recuperated CAES is gas-air heat transfer mode, the estimated heat transfer area of the recuperator is over 1.0 × 10 4 m 2 . Such large heat transfer area will lead to large volume and high investment of the recuperator. Furthermore, it will also cause a great pressure drop for the recuperator and the outlet pressure of LP gas turbine will increase accordingly, which results in a power output decrease of the LP gas turbine. The gas turbine power output of the mentioned recuperated CAES will decrease by 0.365 MW if the LP gas turbine outlet pressure increases by 0.5 kPa.
In conclusion, with high exhaust temperature and large exhaust flow of the gas turbine, the recuperated CAES is difficult to be implemented in engineering application. However, the steam turbine and HRSG adopted in CAES-CC are technically mature, therefore, CAES-CC is more suitable under the high parameter conditions.
System Analysis according to the Second Law of Thermodynamics
As mentioned above, the thermodynamic analysis is based on the first law of thermodynamics, that is, only considering the energy balance in the "amount" and not taken the "grade" of energy into account. To further analyze the thermodynamic performance of the system, it is necessary to study the system based on the second law of thermodynamics. The entropy generation and the exergy destruction are the measurement indicators of the thermodynamic irreversibility. Through the analysis of the entropy generation and the exergy destruction, the irreversible loss of thermal process can be measured. The relationship between the entropy generation and the exergy destruction can be described by the Gouy-Stodola equation:
In this equation, I r represents exergy destruction, T 0 represents the environment tempreture, and △S iso represents entropy generation. It is easy to see that the exergy destruction can demonstrate the entropy generation. It is common to conduct exergy analysis based on the second law of thermodynamics [23, 24] . Therefore, to reveal the internal phenomena of the CAES-CC system, an exergy analysis is performed for the CAES-CC and reference CAES. Assuming no chemical reaction occurs and neglecting the kinematic energy effects, the exergy of air or gas stream can be expressed as:
where H and S are enthalpy and entropy of the steam, respectively, and the subscript 0 indicates that the properties are taken at the environmental temperature and pressure (T 0 = 25 °C, P 0 = 101 kPa). The general exergy balance of the system components can be expressed as:
In Equation (7), ∆E X refers to the exergy destruction, E X(in) and W (in) refer to the exergy input and the power input, respectively, E X(out) and W (out) denote the exergy output and the power output, respectively. E X(loss) represents the exergy loss caused by energy loss. However, in this paper, there is very little heat dissipation during the energy conversion process, therefore, the simulation models of the systems are considered as adiabatic process and the "energy loss" is considered as zero. Therefore, E X(loss) in the energy conversion process is zero, and then the general exergy balance of the system components can be expressed in the following rate form:
The exergy destruction within a component of the energy conversion system can be derived from the exergy balance equation. In this paper, the CAES systems are divided into several parts to conduct a detailed study on the exergy analysis. And the exergy analysis of all the equipments mentioned in the article is conducted according to the general exergy balance. Table 5 lists the exergy destruction within different components of the energy conversion system.
Based on the aforementioned foundation, the exergy analyses results of CAES-CC and conventional CAES are presented in Table 6 . The exergy analysis is based on the assumption that the same quantity of electric power and natural gas is consumed in the CAES-CC and reference systems. In consideration of the non-synchronization between electricity consumption and power generation, the exergy analysis is based on a ten-hour cycle of the operation of the CAES-CC system.
As shown in Table 6 , the exergy efficiency of the CAES-CC system is 49.43%, which is 9.51% higher than that of the reference system. Comparing the exergy distributions of the CAES-CC system with those of the reference system in Table 6 , it is shown that the exergy of the power production increases and that the total exergy destruction of the CAES-CC system obviously decreases. The main reduction in exergy destruction is caused by the HRSG and steam turbine. The detailed distribution of the exergy destruction of these two units is given in Table 6 . Table 5 . Expression of exergy destruction in the main components of the system.
The exergy of the exhaust gas of the CAES-CC system decreases remarkably by 241.46 MWh compared with that of the reference system. This result can be attributed to the addition of an HRSG to the CAES cycle to recover the exhaust heat from the gas turbine. Although introducing an HRSG into the CAES causes an exergy destruction of about 47.69 MWh, the exergy of the exhaust gas decreases by approximately 13.8%. Thus, the exergy saving on exhaust recovery is the main cause of the reduction in exergy destruction in the power generating unit.
The exergy of the power production of the CAES-CC system increases by 166.48 MWh compared with that of the reference system. This increase may be attributed to the utilization of the steam turbine in the CAES-CC system. As shown in Table 5 , the extra CAES-CC components, such as the HRSG, steam turbine, condenser, and auxiliary equipment, cause an extra exergy destruction to the power generation subsystem. However, the power output notably increases. Therefore, we conclude that introducing a steam cycle into the CAES system can effectively reduce energy waste and increase useful power output. Consequently, the exergy efficiency and performance of the CAES-CC system both improve significantly. However, some challenges still exist. These challenges include the complexity of the system and the possible high investment requirement of the system, all of which will be addressed in our following work.
Further Discussion
Effects of Combustion Chamber Outlet Temperature Variation on System Efficiency
In a CAES cycle, the inlet temperature of a turbine significantly influences the power generation of the power generation subsystem. Figure 4 shows the overall efficiency variation curve with the outlet temperature of the combustion chamber. The horizontal coordinate is the outlet temperature of combustion chamber #2, and the vertical coordinate is overall efficiency. In consideration of the gas turbine data, we assume that the outlet temperature of combustion chamber #1 is 600 °C to 900 °C and that of combustion chamber #2 is 1000 °C to 1200 °C. (1) The overall efficiency of the CAES-CC system is higher than that of the reference CAES system with the same T 1 . As mentioned above, this difference is attributed mainly to the effectively recycled exhaust heat of the CAES-CC system. (2) The overall efficiency of the CAES system decreases with increasing T 2 at a constant T 1 . The results of ASPEN PLUS show that although the output power of the LP gas turbine increases with increasing T 2 , the LP gas turbine incurs considerable heat loss because of high exhaust gas temperature. Conversely, the overall efficiency of the CAES-CC system increases with increasing T 2 at a constant T 1 . This result can be attributed to two conditions. One is the output power of the LP gas turbine increasing with increasing T 2 . The other is the utilization of additional exhaust heat from the LP gas turbine in the HRSG to produce more steam as the exhaust gas temperature increases. (3) The overall efficiency of both the CAES-CC system and the reference system increases with increasing T 1 at a constant T 2 . Increasing T 1 can increase gas turbine power output and reduce the fuel consumption of combustion chamber #2. In this way, the overall efficiency of both systems will increase inevitably.
Increasing Flexibility of CAES-CC Using Intercooler Heat
As mentioned previously, the steam turbine in the CAES-CC system responds slowly after the CAES start-up because the start-up time of the steam cycle is much longer than that of the gas turbine. This situation is not suitable for the peak-load regulation of electricity grids. In addition, the intercooler heat of a multi-stage compressor in the compression stage can also be recycled. This heat is discarded directly in first-generation CAES because of low parameters and exergy. However, the CAES-CC system proposed in this work can utilize intercooler heat to increase its flexibility. Figure 5 shows a diagram of the recycling of intercooler heat, which is used to heat condensed water for steam production. And then the hot steam, which will rush through the turbine continuously, can make the steam turbine stay at a constant temperature and keep the blades being pushed. The steam can be heated to 182 °C and 10 bar by the intercooler heat in the proposed CAES-CC system. Preheating the steam turbine has a positive effect, especially for the CAES-CC system, whose steam turbine output power is 70 MW. The discharge time of the CAES-CC system varies according to the peak load of the grid. Thus, the steam produced in the charge period should be stored in a steam tank and released one hour before producing electricity. Figure 5 . CAES-CC system diagram with an improved heated standby system.
Conclusions
This study investigates the thermodynamic process and operation performance of a typical CAES plant via simulation and identifies the reasons for its low efficiency. Using prior research as basis, we propose the CAES-CC system. Thermodynamic analysis, exergy analysis, off-design condition analysis, and optimization design are carried out for the novel system. The CAES-CC system and the recuperated CAES and the conventional CAES system are also compared. The following conclusions can be drawn from this work:
(1) The first-generation CAES system is characterized by large gas displacement and energy loss that result in poor efficiency. The proper utilization of exhaust air waste heat is crucial to increasing system efficiency. (2) The recuperator is a reliable technology and has been utilized in small-scale CAES plants.
However, for a large-scale CAES plant with high parameters and large discharge flow, it is difficult to recycle the exhaust heat by adding a recuperator. The reason lies in that the heat transfer area is too large, leading to a large volume and high investment of the CAES plant. Conversely, CAES-CC is more suitable under the high parameter conditions. (3) Compared with the conventional CAES, CAES-CC has lower exhaust air temperature. The ER and HR of the CAES-CC system are lower than those of the reference CAES system by 0.127 kWh/kWh and 0.338 kWh/kWh, respectively. The overall efficiency of CAES-CC is improved by approximately 10% after recovering the exhaust heat from the gas turbine to produce steam for the combined cycle. (4) Intercooler heat can be used to produce low parameter steam to keep a steam turbine running on stand-by. This low-cost method of using intercooler heat can definitely improve system flexibility.
Recovering gas turbine exhaust air heat is important in the design and optimization of a CAES plant. Combining a CAES system with a steam turbine increases overall efficiency and system performance. The proposed CAES-CC system serves as a reference for improving the utility pattern of CAES. Further studies must be conducted to make CAES-CC suitable for the national conditions of China.
